ABSTRACT: Availabilities of subsea Blowout Preventers (BOP) in the Gulf of Mexico
INTRODUCTION
A subsea blowout preventer (BOP) system is used to control a well and sometimes used to stop the well in an emergency situation. As the developing wells are located deeper in the sea, the subsea BOP is more important. In the case of Deepwater Horizon on April 2010, the subsea BOP failed to deliver a required function at the final stage of the accident when the function was needed even though a lot of failures were existed except the subsea BOP. We did not only pay an extremely high price but also lost 11 lives as the result of the accident.
A general subsea BOP is comprised of several redundant components which carry out same role. As a result, a commoncause failure problem is to be considered. A β factor model is one of the most well-known models, but it has a drawback that it does not distinguish various situations such as over three components used. Cai et al. (2012a; 2012b) applied a multiple error shock model (Hokstad and Bodsberg, 1989) for the common-cause failure Markov models to overcome this weakness. However, the β factor model is still used widely and Hauge et al. (2010) suggested a modification factor, MooN C , for various voting configurations. The modification factor is used to investigate the subsea BOP availability using the Markov model considering the common-cause failure.
Some of the subsea BOP components are not used continuously such as a blind shear ram preventer which cuts a pipe or a casing and blocks the well. The Markov model usually deals with high-demand mode of operation, but Bukowski (2006) , Liu and Rausand (2011) and Jin (2011) suggested the Markov model for low-demand mode of operation and found that the Markov approach showed a good agreement for all demand rates for a simple case. In this paper, the Markov model considering the demand rate is modified from the Markov model of Jin (2011) for one component system and expanded for two redundant systems. This paper is organized as follows. Next section describes the common-cause failure using the β factor model. Based on the modification factors by Hauge et al. (2010) , coefficient values of the failure rate for the common-cause failures are derived. Third section discusses about Markov models for the subsea BOP components considering the common-cause failure. In addition, the Markov model of the component considering the demand rate is introduced for one and two components system. In fourth section, two data sets of the subsea BOP components at the Gulf of Mexico outer continental shelf in US (US GoM OCS) are compared briefly at the first part. At the last part of the section, the effectiveness of preventers and sensitivity of the subsea BOP components are discussed. Finally, the fifth section presents the conclusions.
COMMON-CAUSE FAILURE USING β FACTOR MODEL IEC 61508-6 (1998) introduced how to consider the common-cause failures in a system using a β factor. However, the β factor which was suggested by IEC could not distinguish failure configurations. That is, the same β factor was used for any M-out-of-N (MooN) voting. A MooN voting ( M N < ) means that at least M of the N redundant modules have to give a function when the function is required. To overcome this problem, a multiple beta factors model and PDS (reliability of computer-based safety systems, Norwegian acronym) method were mentioned at the revised version of IEC (2010). The PDS method by Hauge et al. (2010) expressed the β factor of a MooN voting logic using a modification factor, MooN C , as:
Here, β is the factor which applies for a 1oo2 voting and is expressed as a percentage of a component's failure rate. Table 1 gives values of each voting configurations. Hauge et al., 2010) .
So, the common-cause failure rate of MooN voting logic, MooN
Here, λ is a failure rate of one component used alone.
A main difference between the β factor model and the PDS method introduced by Hauge et al. (2010) can be explained with Fig. 1 and Table 2 .
In the case of three redundant components as shown in Table 2 , the β factor model does not distinguish any voting logics while the PDS method distinguishes between different voting logics (see 1oo3 and 2oo3 votings of Table 2 ). However, modification factors of Table 1 cannot be used directly for the Markov model. Because the β factor includes all commoncause failures which can lose a system function at a given voting logic. For example, the β factor of 2oo3 voting, (2 3) oo β , is the percentage of common-cause failures which failed a system that needs to be activated at least two components of three ones. This means that (2 3) oo β includes a case of two components failure and a case of three components failure as Table 2 . 
The Markov model needs a failure rate, ij 
Here, ij k ( i j ≥ ) can be derived as following:
The matched values of the ij k are in Table 3 .
Markov models in this paper use the values of Table 3 for the transition probability matrices of redundant systems. Fig. 2(a) . A subsea BOP configuration is different depending on its operational concept, but usually the LMRP has two PODs, one or two annular preventers and a LMRP connector. The BOP stack is consisting of one annular preventer, one or two Blind Shear Rams (BSR), three or four pipe rams and a wellhead connector. Sometimes, the annular preventer is absent from the BOP stack if two annular preventers are equipped in the LMRP like Fig. 2(a) . Several choke and kill valves are positioned at the LMRP and the BOP stack according to the subsea BOP design concept ( Fig. 2(b) ). These valves are installed in pairs for the redundancy.
In IEC (1998), Safety Instrumented Systems (SIS) have two operational modes; low and high demand mode. If the demand rate is less than once per year, and less than twice the frequency of functional test, it is called low demand mode. Otherwise, a system is in high demand mode. Components of the subsea BOP can be classified into the high demand mode in accordance with above definitions. However, while annulus preventers, connectors, PODs, choke and kill valves and pipe ram preventers are used continuously or frequently during drilling operations, BSR preventers are not used frequently like other components. The BSR preventers are usually used only for a special condition such as shut-in the well. Therefore they are needed to consider the demand rate like low demand rate mode components to reflect reality more. 
Markov models for BOP components
The Markov model is widely used as a reliability and safety modeling technique, and is expressing a system using a Markov transition diagram which is drawn with state circles and transition arcs. If a system satisfies a Markov property, which is, when the present state of the process is known, the future development of the process is independent of anything that has happened in the past, the system is called a Markov process (Rausand and Høyland, 2004) . Probabilities of transiting one state to other states of the system at the present are known, the Markov model can be built for the system. Fig. 3 shows three Markov models for the systems of one, two and three components, respectively. Fig. 3 (a) and (b) are models for retrievable systems that immediately repair failed components when they are found, but Fig. 3 (c) is a model for a non-retrievable system which does not repair failed ones till all components fail. System states are listed in Table 4 . In the case of non-retrievable system shown in Fig. 3 (c), only one restoration arc exists from state 3 to state 0. A probability of moving from a left state to a right state in Fig. 3 is a failure rate of the system and an opposite moving probability is a repair rate related to a Mean Downtime (MDT). Most of the subsea BOP components have similar Markov models with Fig. 3 . COM of Fig. 3 means the subsea BOP components; annulus preventers, connectors, PODs, choke and kill valves for Figs. 3(a)-(b) and pipe ram preventers for Fig 3(c) . It is assumed that the only pipe ram preventers are non-retrievable systems shown in Fig. 3(c) . 
The repair rate, COM μ , is a component repair probability which is considering the MDT. The MDT includes a Mean Time to Repair (MTTR) and any other time of the component in nonfunctioning state. The repair rate can be expressed as:
Here,
COM
MDT is the mean downtime of the component. Transition probability matrices matched with Figs. 3(a)-(c) are following:
11 11 
One row is for the one state and the first row is for state 0. Diagonal elements of the matrices are values to make the summation of each row 1. Because the sum of probabilities that can be happen to one state at a certain moment should be 1. Jin (2011) showed that the Markov model can be used not only for the high demand rate system, but also for the low demand rate system with the demand rate, de λ , that is how often the component is needed and a demand duration rate, de μ , which is how long the component keeps on its function. After the duration period the system goes back to a previous state. Jin (2011) developed the Markov model for one component system considering both Dangerous Detected (DD) failures and Dangerous Undetected (DU) failures. The BSR preventers of the subsea BOP are classified into the high demand rate component by IEC definitions, but the BSR preventers are not used often like other subsea BOP components. If the demand rate and the demand duration are applied to the BSR preventers, then the availability analysis should be closer to the reality. One or two BSR preventers can be installed at the subsea BOP stack. The Markov model for one BSR preventer is drawn in Fig. 4 (a) using the Jin (2011)'s methodology. However, the failure rate is not distinguished between DD failures and DU failures because the every failure rate used in this paper is considered as DU failures. Moreover, the Markov model is extended for two BSR preventers in Fig. 4(b) based on the Markov model for one BSR preventer. The BSR preventers are assumed as a retrievable system. Fig. 4 are listed in Table 5 . In the case of one BSR preventer, the state 0 has two possibilities of moving to other states. One is that BSR preventer fails (state 2), and another is that the BSR preventer is demanded for action (state 1). If the BSR preventer is required to activate at the state 2, then the BSR preventer is unavailable. BSR preventer is also unavailable when the BSR preventer fails to act at the state 1.
In the case of two preventers, the state 3 is not unavailable unlike Fig. 4 (a). The state 2 and the state 3 of Fig. 4 (b) are at the same in the view of the number of failed component. However, the state 2 of Fig. 4(b) is revealed during periodical tests while the state 3 of Fig. 4(b) is found when the BSR preventer is demanded for required action. The state 4 of Fig. 4(b) is added to Fig.  4(a) because of the possibility that two BSR preventers fail together. A transition diagram from the state 3 to the state 5 is similar with the high demand rate system because a failure of one BSR preventer leads to activate the remained one sequentially. Only the state 3 of Fig. 4(a) and the state 5 of Fig. 4(b) are regarded as unavailable conditions of the systems and the other states are considered as available condition.
The failure rate of the BSR preventer has the same expression with Eqs. (3) and (5). The repair rate for the low demand rate system can be expressed as following using Jin (2011)'s expression:
Here, τ is the time to perform a functional test. Transition probability matrices matched with Fig. 4 are followings: 
Diagonal elements of the matrices are values to make the summation of each row 1 like Eqs. (7)-(9). Diagonal elements of Eq. (12) are omitted for conciseness. Yang and Yoon (1991) and Goble (2010) showed that if the transition probability matrix for a unit time step, P , is determined then, the probabilities of each state after t unit times can be expressed as:
Here, the row vector S is the starting probability of the system. For example, Eq. (8) can be applied to the transition probability matrix of two PODs system and the row vector S can be [1 0 0] which means that the system starts with no failure condition. The availability of the system can be obtained by sum of probabilities of the available states at time t. In the case of above POD system, the probability matrix at time t , ( ) P t , is 1 by 3 matrix and they are the probabilities of the system existing from the state 0 to the state 2. The probability sum of the state 0 and the state 1 is the availability of the POD system at time t.
QUANTITATIVE ANALYSIS

Input data
Two data sets of the subsea BOPs at the Gulf of Mexico outer continental shelf are compared to know a trend of the subsea BOP configurations and their failures. One data set is by Holand (1999) which collected the data for ten months from July 1, 1997 to May 1, 1998. Another data set is by WEST Engineering Services (2009) which gathered the data for twenty four months from January 1, 2004 to December 31, 2006. The former is the SINTEF report and introduced detail failure scenarios while the latter is a Joint Industry Project (JIP) report which contained statistical data but not specific failure scenarios because of confidential problems. However, even if the data are compared statistically, it is still meaningful to understand changes as time goes by six or seven years. Table 6 compares the average number of preventers installed in the subsea BOP. There is a growing tendency of the preventer number of annular preventers and shear ram preventers. The number of pipe ram preventers is equal, but Variable Bore Ram (VBR) preventers are more used recently because of its flexible application. As the result, a failure rate of pipe ram preventers is highly related with VBR preventers in these days.
Class in Table 7 means the total number of preventers consisting of the subsea BOP. For example, if a subsea BOP is classified into class VI, it has six preventers including annular and rams. Some Class VI BOPs can have dual annular and four rams, but others have single annular and five rams. From Table 7 , class VI BOPs were still used widely, but class VII BOPs were increasing in the field during six or seven years. No class V BOP was reported at WEST E. S. (2009) while one class VIII was reported. Choke and kill valves are usually used as a pair for redundancy. It is the reason why the increasing number of choke and kill valves used for the subsea BOP is by two in Table 8 . Depending on the design and operational concept, the number of choke and kill valves are variable. However, Table 8 shows that the subsea BOPs have a tendency of having many choke and kill valves from the latest data. It is related not only to safety problems but also to various operational modes. Input data for availability analysis are listed in Table 9 . POD data are about control systems and divided into two groups; a multiplexed system and a hydraulic system. Only three of twenty six subsea BOPs adopted the multiplexed system in the SINTEF report while twenty three of thirty seven subsea BOPs used the multiplexed system in the WEST E. S. report. The MDT column in Table 9 is from SINTEF by Holand (1999) . The β factor column is estimated using IEC 61508-6 Annex D (1998). The MTTF are from Holand (1999) and WEST E. S. (2009). Safety critical failure data are only considered from Holand (1999) . Safety critical failures are failures which observed during test after running casing or liner, test scheduled by time, other test (not including installation testing), or during drilling/testing operations and they are important failures. Data of WEST E. S. (2009) is corresponding with safety critical failure of Holand (1999) .
Pressure and functional test period of the subsea BOP is assumed as 20 days based on Holand (1999) . The BSR preventer is assumed that it is demanded every 30 days, and it keeps on its function for 72 hours when it activates. 
BOP availability
Total availability of the subsea BOP can be gotten by multiplying all availabilities of the subsea BOP components as follow:
The unit time step size t Δ is put one hour. The availabilities are investigated for 6000 hours activation. The subsea BOPs are usually operating for about 200 days in the field. Therefore, analyses of 6000 hours are reasonable. The MTTF data set of WEST E. S. (2009) is used for Figs. 5 and 6, because latest one reflects reality of the real field more than old one. In addition, it is assured that the performance of recent subsea BOP components is higher through Table 9 . depending on the number and demand rate mode. Fig. 5 shows availabilities of the retrievable and the non-retrievable three pipe ram preventers system. The availability of the retrievable system converges as time goes by. Actually, the changing amount of the availability is too small to notice. However, the availability of the non-retrievable system decreases as time passes.
The availability variations according to demand rate modes are described in Fig. 6 . The availabilities considering the demand rate for the BSR preventers are using Eqs. (11) and (12) with the repair rate Eq. (10). In the case of non-considering of the demand rate, Eqs. (7)-(8) and the repair rate Eq. (6) are used. If one BSR preventer is continuously or frequently used, then the availability is small but similar with the availability of the BSR preventer required rarely. Depending on the demand rate and the demand duration, the availability of the BSR considered the demand rate can be varied. However, if two BSR preventers are installed, the availability of considering the demand rate is as high as non-considering the demand rate.
Analysis conditions are arranged in Table 10 . The POD can be selected between the multiplexed system and the hydraulic system. The two connectors are equipped independently at the subsea BOP. Analysis of the BSR preventers considers the demand rate and the demand duration. Several configurations of the subsea BOP preventers are categorized in Table 11 . Most of the subsea BOPs are belonging to Class VI and Class VII. The availabilities of each configuration are compared to understand effectiveness of preventer types in Fig. 7 . In this analysis, choke and kill valves are assumed that 8 valves of four pairs and 12 valves of six pairs are installed at the subsea BOP of SINTEF and at the subsea BOP of WEST E. S., respectively, and assumed that the hydraulic control system for SINTEF and the multiplexed control system for WEST E. S. are used for their subsea BOP respectively. Results of VI 3 and V 1 of Fig. 7 (a) are very similar and results of VI 2 and VII 3 of Fig. 7 (b) are also very close. The number of pipe ram preventers does not affect the result. It means that three pipe ram preventers stack already gives enough availability. The effectiveness of the annular preventer and the BSR preventer can be accounted for by results of VII 2 and VIII 1 and results of VII 3 and VIII 1 of Fig. 7(b) , respectively. From that, the redundant BSR preventer gives the highest availability to the subsea BOP of WEST E. S. data set when it comes to preventers.
The availabilities of the subsea BOPs of WEST E. S. are enhanced from the availabilities of SINTEF subsea BOPs. The best availability of SINTEF (Fig. 7(a) ) is similar with the worst availability of WEST E. S. (Fig. 7(b) ).
Sensitivity analysis is performed for both the multiplexed PODs and the hydraulic PODs in Fig. 8 . The 80% of a component's failure rate is considered for each the component to know influence rank to the total availability. The l 2 -norm is used and sum of the square of the normalized differences should be one.
.
Differences between the total availability, . BOP Avail , and the availability of the 80% failure rate for various components,
80%
. COM Avail are normalized to compare for the analysis of effect. Fig.7(a) ); (a) class VI 2 (P3, B1, A2) of WEST E. S. (Fig. 7(b) ); (c) class VII 1 (P3, B2, A2) of (b) WEST E. S. (Fig. 7(b) ); (d) class VII 2 (P4, B2, A1) of WEST E. S. (Fig. 7(b) ).
Almost subsea BOPs of the SINTEF data set used the hydraulic control system, while about two-third of the analyzed subsea BOP adapted the multiplexed control system of the WEST E. S. data set. In the respect of the availability, Fig. 8(a) and (b) show that the BSR preventer is the most governing component of the subsea BOP which is having three pipe ram preventers, one BSR preventer and dual annular preventer at both the SINTEF and the WEST E. S. data sets. In the case of the combination VII 1 (Fig. 8(c) ) for the WEST E. S. data set, the POD is the most sensitive component of the subsea BOP which is using the multiplexed system. In the other hand, the effectiveness of the connectors is outstanding in the hydraulic system. The PODs, the connectors and the BSR preventers are sensitive components of the subsea BOP both the multiplexed and hydraulic control system. The control system is important regardless of the type of the control system. Even though the subsea BOP has two redundant PODs, the control system is needed to improve its performance. The MTTF of the connector is long in the second place after the MTTF of the choke and kill valve by WEST. E. S. in Table 9 . However, the connectors are equipped with nonredundant modules and there are two independent connectors in the subsea BOP system; the LMRP and wellhead connectors. These reasons caused the sensitivity of the connector is high at the both multiplexed and hydraulic system.
CONCLUSIONS
The PDS method for the β factor model was applied to the Markov model. The coefficients for the failure rate were derived from the modification factors of voting configurations by SINTEF. Ram preventers were divided into the pipe ram preventer and the blind shear ram preventer and the blind shear ram preventers were investigated with the demand rate. The availability of two redundant blind shear ram preventers considering the demand rate showed the similar availability of the continuously used mode. Two data set of the subsea BOP installed in the GoM OCS were arranged. The availabilities were investigated using SINTEF data set and WEST E. S. data set. In the respect of the availability, the recent subsea BOPs (WEST E. S. data set) show higher performance than old ones (SINTEF data set). The availability of the multiplexed system subsea BOP system was governed by the POD system while the availability of the hydraulic one was affected by the connectors.
